Studies were conducted on the microbiological quality of fluids associated with different types of dialysis systems located in six dialysis centers and 14 homes. Included were (i) single-pass systems employing either parallel flow (Kiil or Gambro) or capillary cartridge dialyzers and (ii) recirculating single-pass and batch recirculating systems using coil dialyzers. Microbiological assays were performed on the water used to prepare dialysis fluid, the concentrated dialysate, and either pre-and postdialyzer dialysate (single-pass systems) or the dialysate contained in storage reservoirs and recirculating cannisters (recirculating systems). The levels of microbial contamination consisting of gram-negative bacteria were directly related to the type of dialysis system, method of water treatment, distribution system, and in some instances, the type of dialyzer. Recirculating single-pass and batch recirculating systems consistently contained significantly higher levels of contamination than single-pass systems. These results were directly related to the design of recirculating systems which permits carbon-and nitrogen-containing waste products dialyzed from the patient to accumulate, be used as nutrients by microorganisms, and subsequently allow for 2-to 4-log increases in contamination levels during a dialysis treatment. In contrast, levels of contamination in single-pass machines were related more to the quality of the water used to prepare dialysis fluid and the adequacy of cleaning and disinfection procedures than to the design of the system.
Hemodialysis was utilized solely for acute renal failure until the early 1960's. With the development of the artificial arterial-venous shunt and technological advances in ancillary dialysis equipment, maintenance or chronic hemodialysis has become a common procedure (9) . In 1973, approximately 11,000 patients were undergoing dialysis in private or hospital-based centers and in homes throughout the United States. This number may approach 50,000 in the next 2 to 3 years as a result of increased federal aid (3) to patients suffering from chronic renal failure.
Since the 1960's, the technology of hemodialysis has been changing constantly, and this "man-machine interface" has increased significantly within the hospital environment. It was recognized that microorganisms could grow readily in certain fluids associated with dialysis equipment (17, 18) , but microbiological parameters were not given serious consideration in the design of these types of systems. We have pointed out in the past (5, 1, 2) that some gram-negative bacteria, notably water bacteria such as Pseudomonas spp., have the capability of rapid multiplication in distilled water. Fluids used in the dialysis procedure consist initially of balanced solutions of salts, sometimes with added glucose; during dialysis these solutions are further enriched by the addition of nitrogenand carbon-containing waste products dialyzed from the patient's blood. Thus, in a hemodialysis system, the growth potential of water bacteria is at a much higher level than in distilled water. It was of interest, therefore, to conduct a series of studies to determine those factors that influence levels of microbial contamination in dialysis systems.
MATERIALS AND METHODS These studies were conducted over a period of 1.5 years in hemodialysis centers located in Phoenix, Ariz., San Francisco, Calif., Seattle, Wash., Alburquerque, N.M., and Newark, N.J. The two basic types of dialysis systems used in these centers, including associated dialyzers, are listed in Table 1 . The first type is the so-called single-pass system illustrated in Fig. 1 by kinetic diagram and photograph. Water used to prepare dialysis fluid, which is usually treated by softening, deionization, or reverse osmosis, enters the machine and is mixed automatically with concentrated dialysate to produce a dialysate containing one part of concentrate to thirty-four parts of water. This dialysis fluid is then heated, deaerated, and passed through the dialyzer, where waste products subsequently pass from the patient's blood through the membrane to the dialysis fluid. The waste-rich dialysis fluid then passes through a blood leak detector and is exhausted to drain. The system, consequently, is "single-pass," with a flow rate of approximately 300 to 500 ml/min. Although these studies include data collected primarily from dialysis machines located in centers, samples also were collected from single-pass systems using Kfil parallel flow dialyzers in 14 private homes in the Phoenix area.The patients on these machines had been trained at kidney center G referred to above. Formaldehyde was used to disinfect 12 of the home machines and chlorine dioxide was used for the remaining two.
RESULTS
The levels of bacterial contamination in water used to prepare dialysis fluids varied depending primarily on two factors: type of water treatment system and chlorine levels.
Normally, water softeners and deionizers produced water with relatively high (104 to 106/ml) bacteriological levels. Levels in reverse osmosis systems appeared to show greater variation; high counts were associated with the use of storage tanks and/or extraordinarily long distribution systems. If free chlorine was present, counts were relatively low (<50 organisms per ml); in the absence of free chlorine, the counts ranged from 25 to 2.1 x 106/ml. As mentioned previously, the concentrated dialysis fluids contained very few microorganisms (<1/ml).
The levels of bacterial contamination in dialysis fluids of single-pass dialysis systems located in center G and in 14 homes are shown in Table   2 Table 4 . Two major differences were immediately apparent: (i) the dialysis fluids from these systems showed consistently higher levels of contamination than those in single-pass systems, and (ii) the duration of dialysis treatment had a consistent and significant effect on final levels. Initial counts increased by 2 to 4 logs by the end of dialysis. This was in marked contrast to results obtained with single-pass systems located in hospital centers. Figure 4 shows the data collected from a batch recirculating system (as opposed to a recirculating single-pass system, this type employs a large tank containing a coil and about 150 liters of dialysis fluid which is emptied after approximately 2 h and refilled with fresh dialysis fluid). In this instance, the machine was filled with dialysis fluid and operated for 5 h prior to the start of patient dialysis. At 2-h intervals during dialysis, the dialysis fluid was emptied and fresh dialysis fluid was added. Assays performed at various intervals showed that the levels of microbial contamination in- One of the problems that was immediately evident in certain of the single-pass kidney systems was the use of considerable lengths of tubing with numerous connections and intersections. Many connecting tubes were used only occasionally and, since they were not part of the main flow system, constituted "dead ends" for water or dialysis fluids. Table 5 shows the results of assays when samples were taken from a "T" connection in the tubing of a particular system. The system had been routinely exposed to disinfectant several hours before assay, and the viable counts and levels of P. aeruginosa were extremely high (1.5 x 106/ml and 1.1 x 108/ml, respectively). Samples of water back flushed through the "T" connection 2 h after the first sample was taken indicated that microorganisms were reproducing at a relatively fast rate. It was obvious that the disinfectant used (in this case 200 ppm of chlorine dioxide) never reached this portion of the kidney machine; this allowed for the persistence of a massive reservoir of bacterial contamination to seed the dialysis fluid at the start of each treatment.
The aA, Four consecutive 100-ml samples of drained "T" connection; B, three consecutive 100-ml samples of water back flushed through "T" connection 2 h after A. 
DISCUSSION
The results obtained in these studies show that bacterial contamination in dialysis systems is not associated with a single cause but rather results from several factors involving: (i) the water treatment system, (ii) distribution system, (iii) type of dialysis system, and in some cases, (iv) the type of dialyzer. Although this particular study concentrated on the type of dialysis system and the dialyzers employed, mention will be made where applicable to the water supply and distribution system. One clear result shown in Table 4 pooling carbon-and nitrogen-containing waste compounds dialyzed from the patient's blood; the further addition of small amounts of fresh dialysis fluid (300 to 500 ml/min) essentially creates a chemostat for continuous and rapid growth of microorganisms. High levels of bacterial contamination occurred despite recommended disinfection and cleaning procedures and seemed to be due almost entirely to the design of the systems. On the other hand, the levels of contamination in single-pass systems which had significantly lower levels of bacteria in their dialysis fluids than the recirculating type systems, appeared to depend primarily on the microbiological quality of the incoming water and the method of machine disinfection. When disinfectant was put into the machine at points which did not allow for adequate contact with all tubings, particularly ones that contained "dead end" connections, single-pass machines invariably had high levels of contamination. Although the disinfectants used with these systems were limited to those that do not have an adverse effect on membranes and the components of the machines, the type of disinfectant was not a significant factor contributing to the levels of bacterial contamination. It appeared that disinfection could be accomplished provided that the disinfectant was distributed through all parts of the machine for an adequate period of contact time. Procedures suggested by manufacturers for disinfection of some machines were insufficient because they recommend introducing the disinfectant into the machine in the same manner as the concentrated dialysis fluid. Unfortunately, the incoming water lines from the tap to these suggested points of entrance (constituting about 2/3 of the liquid volume of a machine) are not exposed to disinfectant; thus, environments are provided in which certain gram-negative bacteria can proliferate and act as constant reservoirs of contamination.
The type of dialyzer was not an important factor contributing to microbial contamination. A notable exception was the large Kiil dialyzer in which fluid could be occluded between plates allowing microorganisms to proliferate.
The treatment of the water used to prepare dialysis fluids at these various centers varied from no treatment to softening, deionization, and/or reverse osmosis (Table 1) . It has been shown that softeners and deionizers allow for the rapid growth of gram-negative bacteria especially in the absence of residual chlorine (14, 19) . Although the process of reverse osmosis tends to produce water that is low in bacteriological content, in the absence of residual chlorine microorganisms can readily multiply in the distribution system downstream from the membrane. Anecdotally, we found that the placement of a variety of string-wound cartridge-type filters in the system usually did not help to lower the level of microbial contamination, but on the contrary, the filter medium per se acted as a surface upon which microbial growth occurred producing a constant reservoir of microorganisms in the system.
The design of a distribution system for the treated water was a significant factor contributing to the levels of bacterial contamination. In several centers, parts of the distribution systems contained either storage tanks or "dead ends," both of which allow for the multiplication of gram-negative bacteria. These sorts of situations compound the overall contamination problem by allowing either moderately high (100 to 500/ml), or in the case of a storage tank, massive levels (106 to 107/ml) of contamination to become further amplified in other parts of the distribution system as well as within the dialysis system itself. We also noted that large diameter piping systems used to distribute water at slow flow rates can contribute to levels of bacterial contamination. The use of piping with a small inside diameter increases the velocity of the fluid contents sufficiently to provide a flushing action in the pipe and, at the same time, reduce the volume of fluid in which bacteria can multiply. Another important design criterion is that the entire system must be able to be disinfected easily and efficiently.
One reason that microbiological parameters have not been taken into consideration in the design of hemodialysis equipment might be the view that the levels of bacterial contamination in dialysate do not really pose health hazards to the dialysis patient. However, we believe that there are several reasons why excessively high levels of microbial contamination, especially gram-negative bacteria, in dialysis fluids do constitute potential hazards to patients.
(i) Although intact bacterial cells theoretically are too large to pass through an intact dialysis membrane (9) , it has been reported that bacteria can pass through when they are present in large numbers (16) . In addition, cells could be introduced directly into the patient's blood during major or minor blood leaks associated with the integrity of the membrane or its housing (20) . The dialysate often is under negative pressure in relation to blood but this pressure differential is a poor protective barrier. Thus, in the case of an overt break in the membrane system, bacterial cells could potentially gain entrance directly into the blood and septicemia. The exact level of bacterial contamination constituting a potential hazard is not known, but it is obvious that the probability of bacterial cells being introduced into the blood due to a leak in the membrane system is directly proportional to the level of bacterial contamination in the dialysate. In the investigation of an outbreak of septicemia and pyrogenic reactions among patients in center G, which is the subject of another report (6) , it was shown that septicemia in two patients was directly due to P. aeruginosa gaining entrance to the blood from the dialysate.
(ii) Gram-negative bacteria associated with water and dialysate have the capability of multiplying rapidly and achieving massive cell levels in dialysate, especially when it contains waste products from the patient's blood. Consequently, there is a multitude of metabolic products including endotoxins (21) and exotoxins (13) from the bacterial cells themselves which may pass intact membranes and effect pyrogenic reactions. Indeed, the outbreak of septicemia and pyrogenic reactions referred to above (6) clearly documented a direct relationship between the levels of bacterial contamination in the dialysis fluid and the attack rates for pyrogenic reactions among patients. Bacterial endotoxins have a molecular weight of approximately 1 million and theoretically should not pass through a dialysis membrane which has a molecular weight limit of 10,000 to 50,000 (9, 21) . Although the term pyrogen is often used to designate bacterial endotoxin, other unidentified products of gram-negative organisms can produce all or some characteristic clinical symptoms of pyrogenic reactions, i.e., fever, rigor, leukopenia followed by leukocytosis, thrombocytopenia, coagulation activation, lactic acidosis, and vasomotor collapse. Recently, Quarles and co-workers (15) showed that a growing culture of Serratia marcenscens produced materials that passed through the membrane of a commercial capillary cartridge dialyzer and caused acute signs of toxemia, pyrexia, and leukopenia in goats. The maximal molecular size of the toxic material was defined relative to a ridged globular protein of 15,000 in molecular weight and 1.9 nm in hydrodynamic radius, or to a flexible fibrous polyglycol of 5,500 in molecular weight and 2.6 nm in hydrodynamic radius. Kidd (11) , in in vitro experiments utilizing a number of bacterial products (acetoin, indole, pyocyanin, chlorhexidine, hemolysin, and urease), was able to detect passage of measurable quantities of each through commercial dialysis membranes. (iv) Another potential problem associated with high levels of gram-negative bacteria in source water and especially dialysate fluids is the definite possibility of transmission of drug resistance factors (R-factors) among various gram-negative bacteria. We believe that it is feasible for multiply resistant strains to become amplified in this type of an environment and constitute a relatively important part of a pyramiding system eventually leading to a more multiply resistant population of gram-negative bacteria in an intramural environment.
Finally, it should be stressed that neither the incoming water nor the dialysate fluids need to be sterile. In this respect we would disagree with Fregerslev (7) who suggested all fluids including hemotrate be sterilized. Rather, we agree with Jones et al. (10) and suggest that the levels of bacterial contamination be maintained at a low level, preferably less than 1,000/ml. Requirements for sterile source water or dialysate fluid would be most unrealistic since no manufacturer can currently meet that specification.
Since there is no one bactericidal or bacteriostatic agent that can be added directly to the VOL 28, 1974 dialysate without affecting the patient in some manner, physical means of bacterial reduction (i.e., temperature, ultraviolet irradiation, and perhaps some types of filters) have the highest potentials for being routinely employed at low cost to effect consistent contamination control. Likewise, many of these problems could be eliminated by manufacturers of dialysis systems by having design criteria include increased concern for microbiological considerations such as the control of rapid bacterial multiplication, adequate disinfection procedures, and elimination of "dead end" fluid reservoirs.
